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The paper ﬁrst proposes and validates a constitutive model simulating the change of resistance along slip surfaces in sands both for the
undrained and drained cases, measured in ring shear tests. The proposed model is based on (a) the critical state theory and (b) the assumption that
the critical state changes as a result of grain crushing, in terms of shear displacement. Model parameters depend only on sand type. Then, the
developed constitutive model is implemented in the recently-proposed multi-block sliding system model for the prediction of the triggering and
deformation of earthquake-induced landslides. The improved model is applied successfully at a simple slope and at the well-documented Nikawa
slide triggered by the 1995 Hyogoken-nambu earthquake. Parametric analyses illustrated the ability of the improved model to simulate the effect
of the applied motion, sand density, saturation conditions and geometric rearrangement on the seismic displacement of slopes.
& 2015 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Earthquake shaking has caused signiﬁcant deformations,
and even large scale failures, in slopes consisting of saturated
sands (Sassa et al., 1996; Deng et al., 2011). The sliding-block
model (Newmark, 1965) is frequently used to simulate move-
ment of landslides triggered by earthquakes (Gerolymos and
Gazetas, 2007) and other causes (Davies et al., 1993). In this
model, critical acceleration is deﬁned as the horizontal accel-
eration that causes the shear stress to become equal to the shear
strength at the base of a block-on-an-inclined-plane. Under
earthquakes, when the applied acceleration is larger than the
critical acceleration, the block slides. This model has been
used for the estimation of permanent seismic deformations of10.1016/j.sandf.2015.06.004
5 The Japanese Geotechnical Society. Production and hosting by
3616919.
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der responsibility of The Japanese Geotechnical Society.natural slopes and earth structures (Whitman, 1993;
Ambraseys and Srbulov, 1995). The solution giving the
distance moved of the sliding-block is used for the prediction
of permanent seismic movement of these problems by the
replacement of the maximum applied and critical accelerations
of the block with those of the potential sliding mass under
consideration.
The sliding-block model with a Mohr–Coulomb strength
law is generally successful in estimating small ground defor-
mations without loss of strength. However, when the ground
deformations are large, this model is not accurate, primarily
because of (a) loss of strength in saturated soils along a slip
surface (Whitman, 1993), (b) changes of geometry of the soil
mass toward a gentler inclination (Stamatopoulos, 1996;
Stamatopoulos et al., 2006) and (c) due to the dynamic
response of the sliding mass (Bray and Travasarou, 2007;
Baziar et al., 2012). It is beyond the scope of the present
research to simulate effect (c) above. The effect (b) above isElsevier B.V. All rights reserved.
Notation
φ'cs, φ'dil, Q, R, b, a, nr, ζ, k1, k2, Ad, Bd, λ parameters of
the proposed constitutive model
a(t) applied acceleration history
ac critical horizontal acceleration for relative motion
A factor of the governing equation of motion (Eq.
(14))
a1, a2 factors deﬁned by Eq. (17)
a1, a2, a3, a4 Shear stress-displacement response deﬁned
in Fig. 8c
Dr relative density
d increment
er a very small number, typically 0.05
F, r, k factors of the constitutive model
Fo, ro initial values or the factors F, r
g acceleration of gravity
li length of the i segment of the slip surface of the
multi-block model
Meas. measured
Pcr excess pore pressure induced by grain crushing
P excess pore pressure
Pa atmospheric pressure
Pred. predicted
rm maximum past r value
x horizontal component (subscript)
t time
u displacement along the slip surface
ui displacement of block i of the multi-block model
un displacement of the upper block of the multi-
block model
uN displacement normal to the slip surface
uo displacement when the failure state is ﬁrst reached
(deﬁned as FE1 and rE1).
upost displacement after the failure state is ﬁrst reached
βi inclination of the slip surface i of the multi-
block model
δi angle deﬁning the inclination of the interface i of
the multi-block model (Fig. 7)
δi-sep angle δi in the case of separation of blocks
σ'cs steady-state effective stress normal to the slip
surface
σ'cs-o,σ'cs-f initial and ﬁnal steady-state effective stress
σ' effective stress normal to the slip surface
σ'o effective stress normal to the slip surface prior to
the initiation of shearing
σ'o–i effective stress normal to the segment i of the
multi-block model prior to the initiation of
shearing
σ'oct-cs octahedral effective stress at the critical state
τ shear stress
τf ﬁnal shear stress at very large displacement
τi shear stress of the segment i of the slip surface of
the multi-block model
τij shear stress of material j of segment i
φini frictional resistance of the material inside block i
φ mobilized friction angle (given by Eq. (16)) along
the slip surface
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physical equilibrium where masses move toward a more stable
conﬁguration. It has been modeled in a cost-effective manner
by an iterative procedure using the Jambu stability method by
Deng et al. (2011), as well as by the multi-block model by
Stamatopoulos et al. (2011). The multi-block model, described
below, has the advantage of ensuring displacement compat-
ibility during motion and will be applied in the present work.
Constitutive equations modeling effect (a) above coupled
with the multi-block model are needed in order to simulate the
triggering of landslides and accurately predict the slide
displacement. In the general case these models must be
formulated in terms of effective stress in order to predict not
only the shear stress, but also the generation of excess pore
pressures along slip surfaces. The reason is that only these
general formulations predict accurately soil response and,
additionally, illustrate the difference in soil response under
drained and undrained conditions, or as a result of the
dissipation of these excess pore pressures during the slide.
Recently, Stamatopoulos (2009) proposed a constitutive model
in terms of effective stresses simulating the change of
resistance along a slip surface in clays either under undrained
or drained conditions and implemented it at the multi-block
model. The soil state is simulated in terms of the Over-
consolidation Ratio and the model parameters depend only onthe clay type. This model was validated with a number of ring
shear tests.
The purpose of the present work is to propose a general
method predicting the earthquake-induced displacement along
slip surfaces in sands. The paper ﬁrst gives the proposed
extension and validation in sands of the previously proposed
constitutive model of clays. Then, it describes (i) the multi-
block sliding system model, (ii) the implementation of the
proposed constitutive equations in the multi-block model, (iii)
the methodology needed to apply the new model to predict the
seismic displacement along slip surfaces and (iv) the success-
ful application of the proposed improved model at a simple
slide and at the Nikawa slide triggered by the 1995 Hyogoken-
nambu earthquake.
2. Constitutive model formulation for slip surfaces in sand
2.1. Introduction
The model for the behavior of sands along slip surfaces was
derived from an existing set of constitutive laws, originally
developed for clays (Stamatopoulos, 2009). The model divides
soil response in two parts: (a) the part until the critical state is
reached, at small shear displacement, less than a few milli-
meters, and (b) the post-failure part at large displacement. The
Fig. 1. The framework of the proposed constitutive model: (a) inﬂuence of the parameter b on the yield surface shape, (b) deﬁnition of unloading/reloading cycles,
(c) deﬁnition of angles φ'cs and φ'dil .
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surface shapes (factor b of Fig. 1a) and different expressions
giving the effective normal stress at the critical state initially
(σ'cs-o) and at the ﬁnal post-failure residual state (σ'cs-f).
The model is valid for ring shear conditions, which are well
suited for describing the shearing mechanism on the slip
surfaces. Table 1 provides information on the sands used in
tests in the ring shear device found in the bibliography, the
initial and loading conditions of these tests and the relevant
references. Furthermore, under drained conditions the effect of
relative density (Dr) on shear sand response along slip surfaces
is described by the well-known tests given by Taylor (1948),
which were performed in the direct shear box. These tests are
also reported in Table 1. As in the tests reported by Taylor
(1948) the height of the sample is only a few cm, these test
results should by regarded with caution. Table 2 gives the D10
and D50 values of the sands mentioned in Table 1. Figs. 2 and
3 illustrate the measured effect of (a) the drainage conditions
and of Dr and (b) the initial normal stress σ'o and the initial
shear stress τo under undrained conditions in tests of Table 1.
Fig. 4 illustrates the measured effect of Dr under drained
conditions in tests of Table 1. Under undrained conditions, the
shear stress and excess pore pressure are given in terms of
shear displacement. Under drained conditions, the shear stress
and normal displacement are given in terms of shear
displacement.2.2. Pre-failure response
The following equations are used to simulate the response of
sands under undrained conditions prior and towards failure
τ¼ tan φ0csσ0rF ð1Þ
dr ¼ du 1rnrð Þ=a ð2aÞF ¼ 1b ln ½σ0=σ0cs ð3Þ
where the factor b equals 0.1 and
σ0cs ¼ σ0cso ð4aÞ
σ0cso ¼ 1:5 Pa=100
 
exp QR=Dr ð cos φ0cs=ð3 sin φ0csÞ
ð5Þ
Also,
σ0 ¼ σ0ο–P ð6Þ
dP¼ dσ0 ¼ du kð tan φ0dilτ=σ0Þ ð7aÞ
k¼ k1ðσ0=PaÞk2 ð7bÞ
Under drained conditions, Eqs. (1), (2), (3), (5) do not change.
Eqs. (4a), (6) and (7) are replaced by
σ0cs ¼ σ0cso expðζuNÞ ð4bÞ
duN ¼ duð tan φ0dilτ=σ0Þ ð7cÞ
In the above equations τ is the shear stress, σ' is the effective
normal stress, compressive positive, σ'o is the initial value of σ'
prior to the application of the shear stress, u is the shear
displacement along the slip surface, P is the excess pore
pressure, uN is the displacement normal to the slip surface,
contractive positive, Dr is the relative density, σ'cs is the
effective normal stress at the critical state (at the current
density) and σ'cs–o is the pre-failure effective stress at the
critical state, r is the stress ratio (τ/σ') normalized by tan φ'cs, F
is a dimensionless model factor which equals to unity at the
critical state, k is the normal elastic stiffness, Pa is the
atmospheric pressure and d implies differential. In addition,
φ'cs, φ'dil, a, b, Q, R, nr, λ, k1, k2, ζ are model parameters to be
described later. Displacement is in m and stresses and
pressures in kPa.
Table 1
Summary of shear tests found in the literature and considered in the present study. Sand type, Dr, σ'ο, το and drainage conditions of the tests are speciﬁed. The number of points (N) deﬁning the response at each test and
precision in τ and P or uN measurements by the proposed constitutive model are also given. In all tests the ring shear device is used, except from tests by Taylor (1948), where the direct-shear device is used.
No Sand type Case Dr σ'ο (kPa) το (kPa) Drainage Reference N Standard Deviation [(Pred.–Meas.)/Meas.]
τ P or uN
1 ING 1.1 0.29 202 0 Undrained Igwe et al. (2007) 6 0.33 0.03
2 1.2 0.29 196 0 Drained Igwe et al. (2007) 8 0.25 0.32
3 1.3 0.44 196 0 Undrained Igwe et al. (2007) 5 0.13 0.17
4 1.4 0.44 280 0 Undrained Igwe et al. (2009) 6 0.10 0.20
5 1.5 0.44 400 0 Unrained Igwe et al. (2009) 6 0.15 0.27
6 NAG 2.1 0.44 196 0 Undrained Igwe et al. (2009) 5 0.13 0.06
7 2.2 0.44 275 0 Undrained Igwe et al. (2009) 5 0.15 0.10
8 2.3 0.44 360 0 Undrained Igwe et al. (2009) 5 0.16 0.11
9 2.4 0.44 290 0 Undrained Igwe et al. (2009) 5 0.19 0.08
10 4.5 0.33 201 0 Undrained Igwe et al. (2007) 5 0.20 0.24
11 2.6 0.32 200 0 Drained Igwe et al. (2007) 6 0.16 1.04
12 WG 3.1 0.30 196 0 Undrained Igwe et al. (2007) 6 0.26 0.52
13 3.2 0.30 250 0 Undrained Igwe et al. (2007) 5 0.18 0.08
14 3.3 0.30 290 0 Undrained Igwe et al. (2007) 5 0.24 0.42
15 3.4 0.30 196 0 Drained Igwe et al. (2007) 7 0.12 0.20
16 3.5 0.44 202 0 Undrained Igwe et al. (2009) 5 0.26 0.24
17 3.6 0.44 230 0 Undrained Igwe et al. (2009) 5 0.22 0.21
18 3.7 0.44 290 0 Undrained Igwe et al. (2009) 5 0.24 0.26
19 3.8 0.44 370 0 Undrained Igwe et al. (2009) 5 0.26 0.18
20 S6 4.1 0.37 150 38 Undrained Trandaﬁr and Sassa (2005) 7 0.26 0.15
21 4.2 0.36 150 75 Undrained Trandaﬁr and Sassa (2005) 7 0.12 0.31
22 4.3 0.41 250 63 Undrained Trandaﬁr and Sassa (2005) 7 0.25 0.34
23 4.4 0.41 250 125 Undrained Trandaﬁr and Sassa (2005) 7 0.15 0.34
24 S8 5.1 0.63 196 0 Undrained Wang and Sassa (2002) 8 0.21 0.14
25 5.2 0.95 196 0 Undrained Wang and Sassa (2002) 7 0.25 0.34
26 5.3 0.68 196 0 Undrained Wang and Sassa (2002) 6 0.16 0.11
27 5.4 0.69 196 35 Undrained Wang and Sassa (2002) 7 0.24 0.21
28 5.5 0.69 196 72 Undrained Wang and Sassa (2002) 7 0.19 0.28
29 5.6 0.62 196 56 Undrained Wang and Sassa (2002) 7 0.15 0.28
30 5.7 0.68 196 56 Undrained Wang and Sassa (2002) 7 0.24 6.93
31 ST 6.1 0.98a 316 0 Drained Taylor (1948) 13 0.08 0.34
32 6.2 0.22a 316 0 Drained Taylor (1948) 13 0.03 0.31
33 Nikawa 7.1 0.60 300 70 Undrained Sassa et al. (1996) 5 0.14 0.20
34 7.2 0.60 230 70 Undrained Sassa et al. (1996) 5 0.09 0.23
35 UM10 8.1 0.49 196 0 Undrained Wang et al. (2007) 5 0.19 0.22
36 8.2 0.53 196 0 Undrained Wang et al. (2007) 5 0.13 0.20
37 8.3 0.71 196 0 Undrained Wang et al. (2007) 5 0.09 0.10
aNot given, but assumed for very dense and medium-loose sample.
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ment is assumed to accumulate when the stress ratio (τ/σ')
increases, while the elastic shear displacement is ignored.
Thus, during unloading and reloading at stress ratios below the
previously achieved maximum (rm), it is assumed that zero
shear displacement develops (Fig. 1b).
The equations above are based on a model proposed by
Aubry et al. (1990), which is based on the critical state theory
and predicts that (i) as shear strain increases soil gradually
reaches a steady state and (ii) the response is affected by the
distance from the critical state. The factor F gives the effect of
the distance from the critical state. Furthermore, the model is
based on (1) the fact that plastic shear strain depends on the (τ/
σ') ratio: r is a hysteretic dimensionless factor controlling the
(τ/σ') versus u response of the soil, (2) a Roscoe type dilation
equation and (3) extension from the drained to undrained
conditions using (i) the elastic stiffness of the soil to estimate
pore pressures from volumetric changes under drained condi-Table 2
D50 and D30 values of the soils used in the present study. Values for the sand
ST were not found in the bibliography and are not given.
WG ING NAG S8 S6 Nikawa UM10
D50 (mm) 0.23 0.11 0.08 0.06 0.25 0.28 0.047
D10 (mm) 0.04 0.03 0.03 0.015 0.15 0.005 0.0118
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Fig. 2. Typical measured effect of (a) Dr under undrained conditions and (b) drain
sand NAG (Igwe et al., 2009) are presented. In all tests σ'o¼200 kPa, το¼0 kPa. In
given in terms of shear displacement. In the case of drained conditions the shea
Constitutive model predictions with the parameters of Table 4 are also given.tions and (ii) effective stresses. Last but not least, the model is
based on the proposition made by Aubry et al. (1990) that the
constitutive model of displacement and stress of an interface
should be of the same form and derived from the constitutive
model of strain and stress of continuum soils. Fig. 1a and c
gives (a) the inﬂuence of parameter b on the yield surface
shape and (b) the deﬁnition of angles φ'cs and φ'dil of Eqs. (1)
and (7).
Bolton (1986) described the critical state under the loading
conditions of the triaxial test in terms of the relative density
(Dr) as
lnð100σ0octcs=PaÞ ¼Q0 R0=Dr ð8Þ
where σ'oct-cs is the effective octahedral stress at the critical
state and Q' and R' are ﬁtting parameters. Assuming a Mohr–
Coulomb failure criterion, it can be shown that Eqs. (5) and (8)
are identical. Yet, it should be noted that the model parameters
Q and R along slip surfaces may be different from the
parameters Q' and R' due to soil anisotropy.
The fact that in the proposed constitutive model plastic shear
displacement is assumed to accumulate only when the stress
ratio (τ/σ0) increases is consistent with the measured response
in ring shear tests under cyclic loading reported by Trandaﬁr
and Sassa (2005). It should be noted that this assumption
greatly facilitates the application of the proposed constitutive
model along slip surfaces during earthquakes, as only at time0
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age conditions on sand response measured in the ring shear device. Results on
the case of undrained conditions the shear stress and excess pore pressure are
r stress and normal displacement are given in terms of shear displacement.
y = 0.042x + 3.77
R2 = 0.87
0
5
10
15
20
0 50 100 150 200 250 300 350 400
Ad
B
d
y = 6.77e2.84x
R2 = 1.00
0
20
40
60
80
100
0.0 0.2 0.4 0.6 0.8 1.0
Dr
σ'
cs
-f 
(k
Pa
)
Fig. 5. (a) The measured effective conﬁning stress at very large shear displacement (σ'cs–f) in terms of Dr for sand UM10. UM10 is the only sand found in the
bibliography which has undrained ring shear tests in three different Dr values. (b). The model parameter Bd in terms of the model parameter Ad for all sands
considered in the present work where ring shear tests in at least two Dr values were found.
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Fig. 3. Typical measured effect of (a) σ'o and (b) το measured in the ring shear device under conditions of constant volume. In (a) το¼0 and in (b) σ'o¼196 kPa. In
(a) results on sand NAG (Igwe et al , 2009) are presented. In (b) results on Sand S8 (Wang and Sassa, 2002) are presented. The shear stress and excess pore pressure
are given in terms of shear displacement. Constitutive model predictions with the parameters of Table 4 are also given.
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Fig. 4. Typical measured effect of Dr in drained direct shear tests (Taylor, 1948). In the tests σ'¼316 kPa. Constitutive model predictions with the parameters of
Table 4 are also given.
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Table 3
The model parameters of the proposed constitutive model: their description, their role, and how to measure them.
Para-
meter
Description Role How to measure it
φ'cs Friction angle at very large shear
displacement
Gives the ratio τ/σ0 at very large displacement. By obtaining the effective stress ratio at very large shear
displacement, preferably measured by ring shear tests.
φ'dil Friction angle where contraction
changes to dilation
Gives the ratio τ/σ0 where volumetric strain changes from
contractive to dilative.
By obtaining the friction angle where dilation changes to
contraction in drained tests. As a ﬁrst approximation use
φ'dil¼φ'cs.
Q Parameters deﬁning σ'cs-o in
terms of Dr
They give the effective normal stress at the critical state at
the ﬁrst failure (σ'cs-o) in terms of Dr.
By plotting the effective normal stress when the critical
state is reached for the ﬁrst time (at shear displacement of a
few mm) in terms of Dr in undrained shear tests. If tests
with different Dr values do not exist use R¼1.
R
Ad Parameters deﬁning σ'cs-f in
terms of Dr
They give the effective normal stress at the critical state
stress at very large displacement (σ'cs-f) in terms of Dr. The
factor Ad gives σ'cs-f at Dr¼0.5 and the factor Bd gives the
rate of increase of σ'cs-f with Dr.
By plotting the effective normal stress at very large shear
displacement in terms of Dr in undrained ring shear tests. If
tests with different Dr values do not exist use the
relationship of Fig. 6b.
Bd
a Parameters deﬁning the shear
stress–displacement response in
terms of the stress ratio
They dictate the shear stress–displacement relationship prior
to failure
Indirectly measured by ﬁtting the shear stress–displacement
relationship. As a ﬁrst approximation use nr¼1.nr
λ Rate of change of the critical
state σ'cs from σ'cs-o to σ'cs-f in
terms of shear displacement
It affects under undrained conditions the rate of excess pore
pressure generation and under drained conditions the rate of
normal displacement accumulation after the ﬁrst failure
By plotting the normal effective stress versus the shear
displacement from σ'cs-o to σ'cs-f in undrained tests
k1 Only for undrained tests.
Parameters determining the
stiffness k in terms of σ'
They affect the excess pore pressure prior to failure Indirectly measured by ﬁtting the pore pressure–shear
displacement relationship at shear displacement less than a
few cm in undrained shear tests. As a ﬁrst approximation
use k2¼0.5.
k2
ζ Only for drained tests. Parameter
determining the magnitude of the
normal displacement
It affects the magnitude of the normal displacement under
drained conditions
Indirectly measured by ﬁtting the normal displacement–
shear displacement relationship under drained conditions.
Table 4
The units and values of the model parameters that best ﬁt the shear test results and used in the predictions.
Units WG ING NAG S8 S6 Nikawa ST um10
φ'cs Degrees 35 33 33 33 35 28 27 32
φ'dil Degrees 35 33 33 33 35 28 27 32
Q Dimensionless 9.4 9.1 13.8 8 8 8.8 13 9.15
R Dimensionless 1.5 1.5 3.2 2 1 (1.5) 2 2.4
a Dimensionless 2 10–4 8 10–4 1 10–3 1 10–3 5 10–4 1 10–3 3 10–4 1 10–3
nr Dimensionless 1 1 1 1 1 1 1 1
Ad kPa 49 100 360 18 49 70 8.4 28
Bd Dimensionless 5.9 12.1 17.9 3.77 – (5) 3.7 2.83
λ m–1 2 10 1 0.3 1 1 10 1
k1 Dimensionless 2 105 8 104 8 104 5 104 1 105 5 104 5 104
k2 Dimensionless 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
ζ m–1 300 350 1000 – – (1000) 10,000 –
In parentheses model parameters that cannot be evaluated from the existing test data, but assumed in the predictions are given.
C.A. Stamatopoulos / Soils and Foundations 55 (2015) 703–719 709increments where the applied motion causes downward move-
ment, the constitutive model must be solved in order to update
the stresses and the pore water pressures under undrained
conditions or the normal displacement under drained condi-
tions along the slip surface.2.3. Post-failure response as a result of particle crushing
For post-failure sand response, a second term of Eqs. (4a)
and (4b) is introduced to simulate the change in the critical
state along slip surfaces in terms of the shear displacement, asa result of grain crushing. In particular, Eqs. (4a) and (4b)
become:
σ0cs ¼ σ0csoþðσ0cs fσ0csoÞ½1expðλupostÞ ð4cÞ
σ0cs ¼ σ0cso expðζuNÞþðσ0cs fσ0csoÞð1expðλðupostÞÞ
ð4dÞ
where
σ0cs f ¼ Ad expfBdðDr0:5Þg ð9Þ
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Table 5
The variation of model parameters used in the predictions and discussion.
Parameter Variation Discussion
Max Min Max/
Min
φ'cs (¼φ'dil)
(deg)
35 27 1.3 Variation of φ'cs is consistent with typical values of sands suggested by Bolton (1986) and Bouckovalas et al. (2003). In the
proposed model framework, the parameter φ'dil equals φ'cs (Modaressi and Lopez-Caballero, 2001).
Q 13.8 8 1.7 Bolton (1986) used Q and R equal to 5.5–10 and 1, respectively. The values used are consistent with these values, except for
two sands. The difference may be a result of different modes of failure in the current study.R 3.2 1 3.2
a (10–4) 10 2 5.0 For the parameter "nr" the same value is used as that used by Gerolymos and Gazetas (2007). For the parameter "a" the range
of values used are consistent with the value of 10–4 used by Gerolymos and Gazetas (2007).nr 1 1 1.0
Ad 360 8.9 43 No previous estimate of the parameters Ad and Bd is given in the bibliography. Fig. 5b gives the factor Bd in terms of the factor
Ad. It can be observed that good correlation exists and Bd increases as Ad increases. This is presumably a result of the very
small value of τf for Dr near zero in all cases. Furthermore in all cases Ad and Bd are such that σ'cs-f was less than σ'cs-o.
Bd 17.9 2.83 6.3
λ 10 0.3 33.3 Most cases have values 0.1–1, consistently with the range of values used by Gerolymos and Gazetas (2007).
k1 (10
4) 20 5 4.0 According to Hardin and Black (1968) the elastic soil modulus is proportional to the square root of the conﬁning stress. It is
inferred that, assuming a constant Poisson Ratio value, k1 equals 0.5. For k2, the corresponding elastic velocity Vp varies about
from 100 to 200 m/s, which is reasonable for reconstituted sands.
k2 0.5 0.5 1.0
ζ (103) 10 0.3 33.3 The variation is consistent with the range 6–40 103 m–1 estimated from (a) the typical value of the plasticity constrained
modulus for sands of 24 (Modaressi and Lopez-Caballero, 2001), (b) the typical thickness value of shear bands in granular
materials that is 10–14 times D50 (Sadrekarimi and Olson, 2010) and (c) the D50 values of the sands tested in the current
laboratory program (0.06–0.25 mm).
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uuo if u4uo ð10aÞ
where
uo ¼ u when 1er4F41þer and 1er4r ð10bÞIn the above equations σ'cs-f is the post-failure effective normal
stress at the critical state, upost is the post-failure shear
displacement, Ad and Bd are model parameters and er is a very
small number specifying the accuracy of the numerical simula-
tion, that typically equals 0.005. It should be noted that uo is not
a material constant, but it is estimated according to Eq. (10b).
Fig. 7. The multi-block stability method proposed by Sarma (1979).
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result of grain crushing, the post-failure increase in excess pore
pressures, Pcr, equals:
Pcr¼ σ0csoσ0cs ¼ ðσ0csoσ0cs fÞð1expðλupostÞÞ ð11aÞ
Furthermore, the proposed constitutive model predicts that the
ﬁnal shear stress (τf) equals
τf ¼ σ0cs f= tan φ0cs ð11bÞ
Under drained conditions, as a result of grain crushing, again
σ'cs changes and, according to Eq. (4d), this change is
manifested by an accumulation of the displacement normal
to the slip surface, equal to
uN ¼  ln fσ0cs=σ0csoþð1σ0cs f=σ0csoÞð1expðλðupostÞÞg=ζ
ð12Þ
Shear displacement causes grain crushing (Gerolymos and
Gazetas, 2007). As shown by Murthy et al. (2007), at a given
void ratio, the octahedral effective stress at the critical state of
sands decreases as the ﬁnes content increases. Under undrained
conditions, as a result of grain crushing, this change in the critical
state is manifested by excess pore pressure generation, once the
critical state σ'cs–o is reached, according to Eq. (11a). Furthermore,
it can be noted that the factor (1–exp(–λu)) in Eq. (11a), that gives
the effect of shear displacement in the excess pore pressure, is also
used by Gerolymos and Gazetas (2007), in a simpliﬁed manner of
application of their developed model. Under drained conditions,
Eq. (12) predicts, similarly to measurements in laboratory tests
(Fig. 2b), that uN continues to accumulate with shear displacement,
under constant shear stress, after failure.
Regarding Eq. (9), its form is consistent with: (a) undrained
tests results (Figs. 2 and 3), which illustrate that, for given soil,
τf is approximately independent of the initial consolidation
stress and the initial shear stress, but depends on Dr, (b)
undrained test results reported by Wang et al. (2007) which
illustrate that the logarithm of τf increases linearly with Dr and
(c) Fig. 5a which gives σ'cs–f in terms of Dr for sand UM10.
UM10 is the only sand in Table 1 where undrained ring shear
tests in three different Dr values are reported.
3. Constitutive model parameters and comparison between
measurements and predictions
For the undrained case, the constitutive model has 11
parameters: φ'cs, φ'dil, Q, R, a, nr, k1, k2, Ad, Bd, λ. For the
drained case, the constitutive model has one more parameter
than the model for the undrained case, the parameter ζ, and
does not use the parameters k1, k2, of the undrained case. The
parameters Ad, Bd and λ correspond to large displacement and
can be estimated only with ring-shear tests. The parameters
φ'cs, φ'dil, Q, R, b, a, k1, k2, ζ may be estimated from simple-
shear, direct-shear or ring shear tests. Table 3 summarizes what
each model parameter does and how to measure it.
Excel worksheets were programmed to simulate the
response of sands, as described by Eqs. (1)–(3), (4c), (4d),
(5)–(7), (9), (10). The following procedure is used in the
worksheets: First, for the initial values of σ', τ and Dr, specifyσ'cs-o and the initial values of F (Fo) and r (ro). Estimation of
σ'cs-o and Fo is straightforward, while ro can be estimated from
Eqs. (1) and (3) as
ro ¼ τo
σ'ο tan φ'cs 10:1 lnðσ'ο=σ'csoÞ
  ð2bÞ
Then, under undrained conditions, for each increment of shear
displacement and the values of (a) σ'cs, (b) F, (c) r, (d) τ, (e) P
and (f) σ' of the previous step, estimate the new values, in the
order (a)–(f). Under drained conditions, for each increment of
shear displacement and the values of (a) σ'cs, (b) F, (c) r, (d) τ,
(e) uΝ of the previous step, estimate the new values, in the
order (a)–(e).
Table 4 gives the model parameters for all sands of Table 1,
estimated using the procedures described in Table 3. As a ﬁrst
attempt, according to Table 3, φ'dil was regarded equal to φ'cs
and nr and k2 were regarded equal to 1 and 0.5, respectively. It
was not found necessary to change these initial values. Then,
the parameters φ'cs¼φ'dil, Q, R, Ad, Bd, λ were estimated per
sand directly from data results. Finally, the ﬁtting model
parameters b, a, k1, ζ per sand were selected according to
the criterion that the ratio of predicted minus measured values
normalized by the measured values has small mean and
standard deviation values.
Figs. 2–4, 6 illustrate the effect of Dr, σ'o and τo that the model
predicts under both undrained and drained conditions and compare
it with the measured response. Adequate prediction of (a) both the
drained and undrained response under the same set of model
parameters, (b) the effect of density on both drained and undrained
soil response and (c) the effect of the initial conﬁning and shear
stress on undrained soil response can be observed. Table 1 gives
the error of the normalized ratio of predicted minus measured
values of all points deﬁning the shear stress and pore pressure (or
normal displacement for the drained tests) versus shear displace-
ment curves of all tests. It can be observed that this factor has
small standard deviation values: in all cases it is less than 0.3.
Furthermore, Table 5 gives the range of the values of the model
parameters used and illustrates that the values are in the range of
values proposed or used by previous researchers. All the above
validate the proposed model.
Finally, from the above discussion it is inferred that the
model parameters that varied as a function of sand type were
actually 9. This relatively large number (9) is justiﬁed by the
facts that the values of the model parameters (i) depend only
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normal and shear stress level, (ii) predict both the undrained
and drained response and (iii) predict not only the shear stress-
shear displacement response, but also the pore pressure or
normal displacement versus shear displacement response under
undrained or drained conditions, respectively.
4. The multi-block sliding system model and
implementation of the constitutive equations
4.1. General
Similarly to the Sarma (1979) stability method, shown in
Fig. 7, a general mass sliding on a slip surface which consists
of n linear segments is considered. In order for the mass to
move, at the nodes between the linear segments, interfaces
inside the sliding mass, where resisting forces are exerted,
must be formed. Thus, the mass is divided into n blocks sliding
in different inclinations. The forces that are exerted in block
“i” are given in Fig. 7. Soil is assumed to behave as a Mohr–
Coulomb material at both the slip surface and the interfaces.
When the slide moves, two options exist regarding the
relative movement of blocks: (a) no separation and (b)
separation. When blocks are not separated, the velocity must
be continuous at the interface. This rule predicts that the
relative displacement (u) of each block is related to the
displacement of adjacent block as
dui=duiþ1 ¼ cos ðδiþβiþ1Þ= cos ðδiþβiÞ ð13Þ
where the subscripts i and iþ1 refer to blocks i and iþ1
counting uphill, the subscripts i and iþ1 refer to trajectory
segments i and iþ1 counting uphill and βi and (90–δi) are the
inclinations of the trajectory segment and interface i, respec-
tively, positive anticlockwise, shown in Fig. 7.
Taking equilibrium for each block, 2n equations are
formulated, where n is the number of blocks. The unknown
variables are the (n) normal forces to the slip surface Ri, the
(n–1) interslice forces Ni and the distance moved by the
system. Thus, the system has (2n) equations and (2n)
unknowns and thus it can be solved. When a horizontal
component of acceleration a(t) is applied, the solution has
the general form
du2n=dt
2 ¼ AðaðtÞacÞ for dun=dt40 ð14Þ
where un is the displacement of the upper block of the multi-block
system along the direction of motion, A is a factor and ac is the
critical acceleration, deﬁned as the horizontal acceleration which is
just sufﬁcient to start movement of the mass. It can be observed
that Eq. (14) is one-dimensional in space, something that ensures
the numerical efﬁciency of the multi-block method. The factors A
and ac depend on the geometry, the unit weight, the pore water
pressure and the frictional and cohesional resistance at the base
and the interfaces of the n blocks.
As shear displacement develops, the masses and lengths of
each block i, and thus the factors A and ac in Eq. (14), also,
change. The transformation rule, which states that when each
block is displaced by dũi, each point of the block is alsodisplaced by dũi, is applied. As the internal interfaces are ﬁxed
in space, at each time increment, cross-sectional area with
width dui is transferred from block (i) to block (i–1) according
to Eq. (13). More details of the multi-block sliding system
model are given by Stamatopoulos et al. (2011).
Separation of blocks occurs when an interslice force, Ni, is
negative (Sarma and Chlimitzas, 2001). A typical case where
this occurs is when the angle βm–1 of the (m–1) segment of the
slip surface is larger than the angle βm of the m segment of the
slip surface. In this case, the soil mass that enters the segment
with inclination βm–1 cannot maintain contact with the rest of
the sliding mass and is detached from the system. The
detached mass is no longer considered in the solution. For
frictional materials, the angle of the interface at the node of
separation (δi–sep) can be obtained from stability analysis
considerations in terms of the frictional resistance of the
material inside block i, φini, as
δi sep ¼ 90 3 φini ð15Þ
4.2. Implementation of the constitutive equations at the multi-
block model
The proposed constitutive model is coupled with the multi-
block sliding system described above by varying only the
friction angle at the base of each block 'i', φi, as
φi ¼ arctan ðτi=σ0o iÞ ð16Þ
where τi and σ'o–i are the shear stress and the initial (prior to
slide movement) effective normal stress at the base of block i.
The shear stresses τi are estimated using the proposed
constitutive law, as described in detail below.
4.3. Computer program and application of Eq. (16)
The method is implemented in a computer program developed
by the author. First, the slip, the ground and the water table
surfaces are simulated as a series of linear segments. The pre-
deﬁned slip surface may extend for great lengths below the
original slip surface because of the nature of the phenomenon.
Then, at each interface the Mohr–Coulomb strength parameters
are speciﬁed. In addition, each linear segment of the slip surface
may be subdivided in smaller "material segments" where different
soil properties exist. In these segments, the Mohr–Coulomb or the
proposed constitutive model parameters are speciﬁed.
Application of Eq. (16) ﬁrst requires to estimate the shear initial
stresses τi–o and the initial state parameters ro and Fo of each block.
This is performed by incrementally increasing un, then estimating
(a) ui, r, F and τij for each material j at slip segment i, then (b) τi at
each segment by adding the τij values and, ﬁnally, (c) the
corresponding mobilized friction angle φi of Eq. (16). The
displacement un increases until limit equilibrium is achieved in
the initial slide conﬁguration (i.e. ac¼0). Then, as the earthquake is
applied, at each increment, for each block, the τij values are
updated using Eqs. (1)–(3), (4c), (4d), (5)–(7), (9), (10) and again
the corresponding τi values are estimated. The displacement where
limit equilibrium is initially achieved, described above, is
subtracted from the computed displacement.
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Fig. 8. An example application. (a) The slope geometry considered, (b) the equivalent sliding-block model geometry, (c) the shear stress–displacement responses in
terms of soil states (a1)–(a4) considered, (d) the estimation of the critical interface angle of the multi-block model at the initial slide conﬁguration in terms of the soil
state, (e) the input strong motion applied, (f) the input weak motion applied. In case (e) the 16/1/95 earthquake of Skinkobe in Kobe, Japan is given. In case (f) the
23/12/72 Managua Nikaragua earthquake in is given. In (a) and (b) the deformed geometry in typical cases is also given.
C.A. Stamatopoulos / Soils and Foundations 55 (2015) 703–719 713The masses and lengths of the blocks are updated in terms of the
shear displacement. Once the program calculates that the soil mass
has completely moved off a segment of the slip surface, the mass
above this segment of the slip surface takes a zero value.
Furthermore, at very large deformations and non-uniform strength
along the trajectory, a block may move to a segment of the slip
surface which has different strength, and, as in situ observations
illustrate, the soil of the less resistance dictates the response of each
block. For this reason, both the resistance just above and just below
every segment of the slip surface are estimated versus time and τi is
speciﬁed as the minimum of the two. The program stops when all
the seismic motion has been applied, and, additionally the slide
velocity is zero.
Output of the program includes (a) the ﬁnal slide geometry
and (b): (i) the state parameters r, F and σ'cs, and the excess
pore pressures under undrained conditions, or the normaldisplacement under drained conditions for each material along
the slip surface and (ii) the acceleration velocity and displace-
ment of the nodes of the sliding mass, all versus time.
In its current version, the multi-block model and associated
code does not consider the dissipation of excess pore pressures
during the slide. This may not affect the case studies
considered below, which are landslides triggered by a rapid
earthquake loading and lasting less than a minute.
4.4. Application of the model along (pre-deﬁned) slip surfaces
and earthquake loading
If the inclinations of the interfaces (δi) are not predeﬁned
according to existing faults, as proposed by Sarma (1979) they
are obtained according to the condition of minimum critical
acceleration value at the initial slide conﬁguration. Yet, at large
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Fig. 9. The computed seismic displacement versus time for (i) the sliding block model of Fig. 8b and (ii) the multi-block model of Fig. 8a under (a) the strong
motion of Fig. 8e and (b) the weak motion of Fig. 8f. The shear stress–displacement relationship of sand states (a1)–(a4) along the slip surface is given in Fig. 8c.
Table 6
The computed ﬁnal seismic displacement (in m) for the cases of Fig. 8.
Soil type/motion Sliding block model (Fig. 8b) Multi-block model (Fig. 8a)
Fig. 9e Fig. 9f Fig. 9e Fig. 9f
a1 0.74 0.0011 0.49 0.0011
a2 0.71 0.0011 0.45 0.0011
a3 Very large Very large 13.6 14
a4 Very large 0.009 5.6 7.00E–04
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mass according to the condition of minimum critical accelera-
tion at the initial slide conﬁguration may not be adequate. The
reason is that some linear segments of the trajectory do not
have mass at the initial conﬁguration and thus their interface
angles cannot be deﬁned. This is resolved by applying the
criterion of minimum critical acceleration not only at the
initial, but also at the ﬁnal slide conﬁguration and taking the
average values at the common interfaces of the two conﬁg-
urations. The ﬁnal slide conﬁguration can be obtained by
applying the multi-block model assuming that the interface
angles not deﬁned at the initial slide conﬁguration equal zero.
In particular, for both the initial and ﬁnal slide conﬁgurations
the following procedure is used to obtain the interface angles:
Estimate the interface angle of the ﬁrst node, δ1, assuming that
the interfaces of the other nodes (δ2, δ3, …, δn) equal zero,
under the condition of minimum critical acceleration value.
Along the slip surface the residual value of soil strength is
used, as it is the most representative of the soil strength during
motion. At the interfaces, peak values of strength are used. The
reason is that, as the internal interfaces are ﬁxed in space, theyare continuously reforming with new material and thus the
strength cannot be at residual (Ambraseys and Srbulov, 1995).
Then estimate the remaining δi values by using the δi–1 … δ1
values previously obtained and assuming δiþ1, …, δn¼0.
Repeat the above procedure starting from the δi values
obtained in the previous iteration until the new set of δi values
does not differ from the previous more than 5%, and thus
convergence is achieved. It has been observed that two to three
iterations are sufﬁcient for convergence of the above procedure
for most slide geometries.
Once the interface angles are obtained, the slide deformation
is estimated for the representative seismic motion by using the
multi-block model with the proposed constitutive model along
the slip surface and again the Mohr–Coulomb model with peak
values of strength at the interfaces.5. Parametric application at a simple slope
The geometrically simple slope of Fig. 8a is considered.
Failure of slopes of such geometry has been observed in the
ﬁeld (Crosta and Frattini, 2007). Regarding the soil along the
slip surface, sand S8 is assumed to exist under the following
states: (a1) Dr¼0.3 under drained conditions, (a2) Dr¼0.7
under drained conditions, (a3) Dr¼0.3 under undrained
conditions and (a4) Dr¼0.7 under undrained conditions.
Fig. 8c gives the shear stress–displacement curves of these
material states along the slip surface. For the multi-block
geometry of Fig. 8a, the interface angle was estimated
according the procedure outlined above for the initial slide
conﬁguration. According to Fig. 8d, δ¼–9, 0, and –3o for
states (a1) and (a2), (a3) and (a4) respectively. The critical
friction angle for stability of the slope equals 26o, and thus the
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Fig. 10. The Nikawa landslide. (a) Plain view and cross section of slide, (b) constant volume ring shear test results from a sample from the slip surface (Sassa et al.,
1996).
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dimensions as shown in Fig. 9b. The above 2 sliding systems
and 4 material cases were subjected to two different seismic
motions given in Fig. 9e and f: the accelerograms (a) of
Skinkobe from the 16/1/95 earthquake in Kobe, Japan and (b)
from the 23/12/72 earthquake in Managua, Nikaragua. Their
PGA value is 5.8 and 2.6 m/s2, their mean spectral period is
0.65 and 0.60 s and the Moment Magnitude of the earthquake
that caused them is 6.8 and 5.2, respectively. The ﬁrst motion
was selected because it is a strong seismic motion that has
caused the triggering of the Nikawa landslide, described
below. The second motion was selected because it is a weaker
seismic motion, produced by an aftershock of an earthquake
which caused much damage.
Fig. 9 gives the computed displacement in terms of time and
Table 6 summarizes the computed ﬁnal displacement results
for both the multi-block and equivalent sliding-block models
and for all the 8 cases described above. The drastic effect of
both the soil type and the geometric rearrangement on the
computed seismic displacement can be observed. For the
sliding-block analogy (a) under dry conditions, the dense sand
exhibits less seismic displacement than the loose sand by a few
cm or mm depending on the seismic motion, while (b) under
saturated conditions the difference on seismic displacement is
enormous and depends on the characteristics of the applied
earthquake: The displacement tends to inﬁnity for the large
seismic motion for both the dense and loose sands and for theweak motion the displacement tends to inﬁnity in the case of
the loose sand, while it is less than one mm in the case of the
dense sand. Furthermore, the multi-block model, that simulates
geometric rearrangement, modiﬁes dramatically the results in
the cases that the displacement is large: In all cases the
displacement does not tend to inﬁnity anymore and is less than
14 m. In addition, when the displacement of the equivalent
sliding-block model is tens of centimeters the seismic dis-
placement predicted by the multi-block model is less by a
factor of about 40%.
6. Application at the Nikawa slide
The Nikawa slide was triggered by the 1995 Hyogoken-
nambu earthquake with magnitude Mw equal to 7. Fig. 10a
gives (a) the plan view and (b) the cross section of the slide
(Sassa et al., 1996). The water table level at the region,
measured about a month after the earthquake, is also given.
Sassa et al. (1996) performed two fast cyclic ring shear tests on
samples, to simulate average ﬁeld conditions, given in
Fig. 10b. Kallou and Gazetas (2001) indicate that the accel-
erogram of Skinkobe, given in Fig. 8d, is possibly the most
representative of the site.
As shown in Fig. 11a, (i) the slip surface is represented by
ﬁve linear segments, where the three top segments correspond
to the slip surface at the initial conﬁguration, (ii) the initial
location of the ground surface is represented by three
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Fig. 12. The Nikawa landslide. The constitutive model predictions of the ring shear tests of Fig. 10b with the model parameters of Table 4.
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represented by four linear segments. Above the water table
drained conditions are assumed, while below undrained con-
ditions are considered by using different material segments
within segments 2–3 and 4–5 (Fig. 11) of the slip surface. It
should be noted that as only three linear segments simulate
adequately the initial slip surface, using more blocks will not
increase the accuracy of the simulation because in the
proposed method blocks move as rigid bodies and further
subdivision of blocks sliding in a given inclination will only
complicate the solution without any beneﬁt.
For the proposed soil model, the parameters which ﬁt the
two ring shear tests and should be used are those given in
Table 4 for the case Nikawa. As illustrated in Fig. 12, they
predict the measured response well. For the Mohr–Coulombmodel, according to Fig. 10b, under undrained conditions the
peak and residual total friction angles equal 28ο and 8.5o,
respectively, while under drained conditions the average
residual friction angle equals 29o. For the soil in the sliding
mass, for the soil below the water table, according to the above
φ¼28ο, while the peak strength of the soil above the water
table line must be somewhat above the ﬁnal friction angle of
φ¼29ο. Based on the above, the value of φin¼30ο is
representative for the peak strength of the soil in the sliding
mass. Finally, the total unit density of the soil was taken as
1.8 T/m3, a typical value for sands.
First, an estimate of the inclination of the critical interfaces
at the initial conﬁguration is made. According to the previous
discussion, the strength is simulated as φ¼30o along the
interfaces and as φ¼8.5o below the water table line and 29o
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the procedure outlined in Section 4.3, at the initial slide
conﬁguration the angles δ3 and δ4 are obtained as –141 and
–221, respectively (Fig. 13). Then, the multi-block model is
applied to determine the ﬁnal slide conﬁguration. First, it is
observed that at the ﬁrst interface "1" (Fig. 11a), negative
tension forces occur: as the inclination of the slip surface at the
left of node "1" is greater than the inclination at the right, mass
to the left of node "1" cannot maintain contact with the rest of
the slide and is subsequently detached from the system. Thus,
according to Eq. (15) with φin¼30ο, δ1¼60o. The remaining
interface angle is determined with the criterion of minimum
critical acceleration at the ﬁnal slide conﬁguration, as δ2¼–341
(Fig. 13).
For these values of the interface angles, the multi-block
model is applied. At the interfaces, again φin¼301 was used.
At the slip surface the proposed constitutive model is used.
Drained conditions are used above and undrained below the
water table. Fig. 14a and b gives the computed (a) factors r and
F of the constitutive model and (b) the excess pore pressure
and mobilized friction angle (given by Eq. (16)) all of the
segments 3–4 (given in Fig. 11) of the slip surface, in terms of
time. Fig. 14c gives the computed horizontal acceleration,
velocity and distance moved of the uppermost node of the
ground surface, as well as the critical acceleration of the slide,
in terms of time. From Fig. 14 it can be observed that as the
earthquake is applied, some shear displacement accumulates.
This causes the factors r and F to increase toward unity and
thus the mobilized friction angle to increase. Once the peak
friction angle is reached at about t¼12 s, as a result of post-
failure excess pore pressure generation, the mobilized friction
angle decreases drastically, to its residual value. At this point,
the critical acceleration of the sliding system becomes negative
(this means that the slide is unstable) and the slide velocity
starts to increase and displacement to accumulate rapidly. As
the slide moves, the mass slides at a progressively smaller
average inclination. The critical acceleration of the system
gradually increases and at t¼18 s becomes positive. Then, the
slide velocity starts to decrease, and becomes zero, at t¼34 s.
At this point, the slide stops. According to the above
discussion, when the slide reached node "1" (Fig. 11a), the
model predicts that a considerable amount of mass is lost. The
obtained deformed geometry is given in Fig. 11b. Asseparation occurs, only the ﬁnal top part of the slide is given.
In the same ﬁgure, a comparison is made between the
computed deformation and the measured deformation at the
top part of the slide.
Parametric analyses were performed. For this purpose, the
following factors are deﬁned:
a1¼ aðtÞ =aðtÞFig:9e
a2i ¼ libelow water table line =li
ð17Þ
The factor a1 gives the effect of the intensity of the input
seismic motion, while the factor a2 gives the effect of the
percentage of the slip segment li which is below the water table
line. It is reminded that drained conditions are assumed above
the water table, and undrained below.
Fig. 15a gives the computed ﬁnal seismic displacement in
terms of the factor a1. It can be observed that a threshold input
motion factor exists: for a1o0.65 the slide is not mobilized
and the seismic displacement is less than 0.2 m, while for
a140.7 the slide is mobilized and the ﬁnal displacement is
more-or-less constant, about 70 m. The factor a2 was varied at
the linear segments 2–3 and 4–5 and Fig. 15b gives the
computed ﬁnal seismic displacement. It can be observed that as
a2 increases, the seismic displacement increases, and the effect
is more pronounced at slip segment 2–3, presumably because
slip segment 4–5 has smaller length and, additionally, it does
not affect the solution when the distance moved is greater than
25 m.
The reference run above illustrated that the numerical
simulation predicted the triggering of Nikawa slide. In addi-
tion, the computed time duration of motion (20 s) agrees with
the observed rapid occurrence of the slide. Furthermore, the
computed deformed geometry reasonably agrees with the
measured. More speciﬁcally, comparison of the measured
and predicted ﬁnal slide conﬁguration illustrates that even
though their general location is similar, their shape is different.
A possible explanation of the gentler slopes of the ﬁnal
measured conﬁguration is that the model is 2D, but the slope
material surely spread laterally as well as downward. Last but
not least, the results of the parametric analyses illustrated that a
small deviation in the seismic motion, for which considerable
uncertainty exists, does not affect considerably the ﬁnal
seismic displacement, while small deviations in the water
C.A. Stamatopoulos / Soils and Foundations 55 (2015) 703–719 719table elevation may affect considerably the computed total
seismic displacement.
7. Conclusions
The work ﬁrst extended and validated to sands a recently
proposed constitutive model along slip surfaces in clays either
under undrained or drained conditions. The proposed model is
based on (a) the critical state theory and (b) the assumption that
the critical state changes once failure is ﬁrst reached, in terms
of the applied further shear displacement. The extension
involved equations deﬁning the initial and ﬁnal critical states
in terms of the relative density of sands. The model was
validated by the prediction of ring shear tests found in the
bibliography under different drainage conditions, densities and
initial normal and shear stresses at 7 different sands. In the
model only 9 parameters varied in terms of sand type.
Then, this constitutive model was coupled with the multi-
block sliding system model to propose a method predicting the
earthquake-induced slide triggering and large displacement
along slip surfaces of saturated sand. The improved model was
veriﬁed by successful application at a simple slide and at the
Nikawa slide triggered by the 1995 Hyogoken-nambu earth-
quake: Parametric analyses illustrated the ability of the
improved model to simulate the effect of the applied motion,
soil density, drainage conditions and geometric rearrangement
on seismic displacement.
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